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Abstract. Measuring the interstitial water pressure of debris
ﬂows under various conditions gives essential information
on the ﬂow stress structure. This study measured the basal
interstitial water pressure during debris ﬂow routing exper-
iments in a laboratory ﬂume. Because a sensitive pressure
gauge is required to measure the interstitial water pressure
in shallow laboratory debris ﬂows, a differential gas pressure
gauge with an attached diaphragm was used. Although this
system required calibration before and after each experiment,
it showed a linear behavior and a sufﬁciently high temporal
resolution for measuring the interstitial water pressure of de-
bris ﬂows. The values of the interstitial water pressure were
low. However, an excess of pressure beyond the hydrostatic
pressure was observed with increasing sediment particle size.
The measured excess pressure corresponded to the theoreti-
cal excess interstitial water pressure, derived as a Reynolds
stress in the interstitial water of boulder debris ﬂows. Turbu-
lence was thought to induce a strong shear in the interstitial
space of sediment particles. The interstitial water pressure in
boulder debris ﬂows should be affected by the ﬁne sediment
concentration and the phase transition from laminar to turbu-
lent debris ﬂow; this should be the subject of future studies.
1 Introduction
Several models have been developed for boulder debris ﬂows
that consist mainly of a rock, gravel, and water mixture
(Takahashi, 1977; Tsubaki et al., 1982; Egashira et al., 1989);
sediment-laden ﬂows (Egashira et al., 1990); or immature
debris ﬂows (Takahashi, 2007), in which an uneven sedi-
ment concentration proﬁle forms, resulting in a lower con-
centration than in mature debris ﬂows. The basic equations
for these debris ﬂows have been derived from simple mod-
eling of the laminar motion of sediment particles, focusing
on the stress structure of the particles and interstitial ﬂuid
(Takahashi, 1977; Tsubaki et al., 1982; Egashira et al., 1997).
These equations have been validated experimentally, such as
by comparing the theoretical and experimental velocity dis-
tributions (Takahashi, 1977; Egashira et al., 1989; Itoh and
Egashira, 1999) and ﬂow resistance (Arattano and Franzi,
2004). However, those studies did not measure the internal
stress components. Few studies have succeeded in measuring
the internal stresses directly; exceptions are Bagnold (1954)
and Miyamoto (1985), who measured the pressure compo-
nent due to particle-to-particle collisions in granular ﬂows.
Rickenmann (1991) and Takahashi and Kobayashi (1993)
investigated how increasing the ﬂuid viscosity of clay sus-
pensions affected the ﬂuidity of debris ﬂows containing
coarse particles, in which the viscous coefﬁcient of the in-
terstitial ﬂuid altered the total shear stress. While the excess
interstitial water pressure in debris ﬂows, including ﬁne sed-
iment, has been examined (Di Silvio and Gregoretti, 1997;
Savage and Iverson, 2003; Iverson et al., 2010), the intersti-
tial water pressure in boulder debris ﬂows has often been re-
garded as hydrostatic. However, Egashira et al. (1989, 1997)
modeled a component of the shear stresses in the intersti-
tial ﬂuid of boulder debris ﬂows, in which interstitial ﬂuid
was treated as clear water, since the Reynolds stress is based
on the idea that the interstitial ﬂuid is turbulent. Although
sediment particles themselves descend in a laminar motion,
the interstitial ﬂuid should be turbulent because of the strong
shear induced by the sediment particles. Assuming isotropic
turbulent conditions in the interstitial ﬂuid of debris ﬂows
makes it possible to consider interstitial pressures as exceed-
ing the hydrostatic pressure, since the Reynolds stress is the
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same as the shear stress. These cases imply that the intersti-
tial water pressure in debris ﬂows of any type should not be
hydrostatic.
Iverson (1997), Imaizumi et al. (2003), and McArdell et
al. (2007) succeeded in observing interstitial water pressures
in excess of the hydrostatic pressure in situ or in large-scale
experimental debris ﬂows, and discussed the results in terms
of liquefaction and contribution of ﬁne sediment. Since mea-
surements of the interstitial water pressure of debris ﬂows
under various conditions give information on the stress struc-
ture of the ﬂows, laboratory tests are also effective. However,
only a few studies have measured the interstitial water pres-
sure in laboratory debris ﬂows (Hotta and Ohta, 2000; Kaitna
and Rickenmann, 2007; Hotta, 2011), and these have used a
rotating mill (drum). Since the ﬂow ﬁeld in a rotating mill
differs from that in actual debris ﬂows due to the inherent in-
ternal ﬂows in the rotating mill (Hotta, 2011), interstitial wa-
ter pressure measurement in an open channel is preferable.
Even in a laboratory setting, accurate measurements of inter-
stitial water pressure in an open channel are difﬁcult, because
the collisions of sediment particles with the pressure gauges,
especiallypitottubes,caninﬂuencethemeasurements.When
using other types of water pressure gauges, it may also be
difﬁcult to measure the interstitial water pressure, as labora-
tory debris ﬂows are usually tested in an open channel up to
10m long (Hotta and Miyamoto, 2008). This results in a ﬂow
depth of several cm at most, so that a very sensitive pressure
gauge is required to measure the interstitial water pressure.
Generic water pressure gauges lack sufﬁcient resolution at
such ranges.
In this study, we developed an experimental system that
uses a differential gas pressure gauge to measure the pressure
in an open channel. We then measured the basal interstitial
water pressure in laboratory debris ﬂows over a rigid bed.
2 Interstitial water pressure in debris
ﬂows
The interstitial water pressure in a debris ﬂow pw can be ex-
pressed as follows:
pw = ph +pf (1)
where ph is the hydrostatic pressure and pf is the Reynolds
stress due to turbulent mixing in the interstitial water. The
turbulence in the interstitial space of debris ﬂows is strongly
affected by particle shearing. Based on Prandtl’s mixing
length theory, pf can be rewritten as
pf = ρu0u0 = ρl2

∂u
∂z
2
(2)
where ρ is the density of the interstitial water, u0 is the ﬂuc-
tuation velocity of the interstitial water, l is the mixing length
in the interstitial space, and u is the mean velocity of the in-
terstitial water, which is assumed to correspond to the debris
ﬂow velocity. In debris ﬂows, l is deﬁned by the scale of the
interstitial space. Ashida et al. (1985) proposed the following
expression for l:
l =
p
kf

1−c
c
1/3
d (3)
where kf is the ratio between the shape parameters for the
sediment particles and the interstitial space, c is the volu-
metric sediment concentration, and d is the diameter of the
sediment particles. Ashida et al. (1985) expressed kf as
p
kf =
 
kp

kv
1/3, kp =
Vp
d3, kv =
Vv
L3 (4)
where kp and kv are the shape coefﬁcients of the sediment
particles and interstitial space, respectively, Vp and Vv are the
unit volumes of the sediment particles and interstitial space,
and L is the length scale of the interstitial space. Ashida et
al. (1985) and Egashira et al. (1989) proposed values for kf
in the range 0.16 to 0.25, while Suzuki et al. (2003) reported
that itwas preferable touse 0.08 forkf when adebris ﬂow has
a concentration less than 0.28. We adopted the value of 0.08
as the range of sediment concentration was no higher than
0.28 for the experiments in this study. Substituting Eq. (3)
into Eq. (2) yields the following expression for pf:
pf = kfρd2(1−c)2/3
c2/3

∂u
∂z
2
. (5)
The interstitial water pressure of boulder debris ﬂows can
also be increased from the hydrostatic value in the case of
different ﬂow lines between sediment particles and intersti-
tial water. In such a case, excess pressure is induced by an
“inﬁltration ﬂow” other than Reynolds stress (Hotta, 2011).
3 Experiment
3.1 Setup
The variable slope channel of the Civil Engineering Research
Laboratory (904-1 Tohigashi, Tsukuba, Ibaraki, Japan) was
used for the experiments (Fig. 1). The channel is 10m long,
0.30m wide, and 0.50m high, with glazed sides. In this ex-
periment, the width of the channel was restricted to 10cm
andthebottomofthelowerstreamofthechannel(4.5m)was
raised as high as 10cm. Sediment particles 2.9mm in diame-
ter were glued in the lower stream to provide bed roughness.
An ultrasonic sensor (E4PA-LS50-M1, Omron, Kyoto,
Japan) was installed 1m above the lower end to measure the
temporalchangeintheﬂowsurfacelevelatasamplingrateof
20Hz. The basal interstitial water pressure was measured at
the same position. Velocity proﬁles were measured in some
cases using a high-speed video camera.
The upper part of the channel was ﬁlled with particles to a
depth of about 10cm. A steady ﬂow of water was supplied to
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Fig. 1 Experimental setup.
Fig. 1. Experimental setup.
the upper end to generate a debris ﬂow by eroding sediment
deposits in the upper section of the channel. The debris-ﬂow
sample was captured using a sampler at the downstream end,
and the sampling time was recorded. The unit width ﬂux,
Q, and the sediment ﬂux concentration were obtained using
the debris-ﬂow sample. In this experiment system, the sedi-
ment concentration could not be controlled, as sediment was
supplied only by erosion in the upper part of the channel.
Because the sediment concentration ﬂuctuated in the front
section of the debris ﬂows, the debris ﬂow samples were
obtained at the lower end of the channel during the steady-
state section, which could be veriﬁed by referring to the time
series of the surface level data measured by the ultrasonic
displacement sensor. The average ﬂow depth h was also ob-
tainedforthesteady-statesection,andthevertical(andcross-
sectional) average ﬂow velocity Um was obtained from the
following relationship:
Q = hUm. (6)
Table 1 summarizes the materials and experimental condi-
tions. Silica sands were used in the experiments. Each sand
in Table 1 was sieved using a sieve mesh of 0.8mm and
1.4mm, 1.4mm and 2.0mm, and 2.0mm and 3.2mm, for
sediment particle sizes of 1.3mm, 2.2mm, and 2.9mm, re-
spectively. The sediment particle size in Table 1 is the mean
particlesizecalculatedfromtherelationshipbetweenthevol-
ume and number of sediment particles, assuming a spherical
shape. The mass density and the interparticle friction angle
of the sediment particles were 2.6 and 34◦, respectively. The
Froude numbers in the experiments ranged from 2.5 to 4.6,
indicating that all ﬂows were in a supercritical ﬂow condi-
tion.
3.2 Measuring the interstitial water pressure
Differential gas pressure gauges (AP-47, Keyence, Osaka,
Japan) were used to measure the interstitial water pressure
with a sampling rate of 20Hz. The measurement range of
the AP-47 is a water depth of 0 to 20cm, which was sufﬁ-
cient resolution for measuring the interstitial water pressure
of laboratory debris ﬂows in this study. Since the AP-47 can-
not measure the water pressure directly, a diaphragm was at-
tached, as shown in Fig. 2. A silicon tube with an internal
diameter of 4mm was connected to the measuring part of
the gauge, while aluminum tubing with internal and external
Table 1. Sediment particle sizes, inclination of the open channel,
and water ﬂow rates.
Sediment particle Channel slope Water supply
size (mm) (degree) (ls−1)
1.3 13 1
2.2 15 2
2.9 17 3
diameters of 9 and 10mm, respectively, was connected to the
opposite end of the silicon tube. A 0.03-mm-thick latex sheet
was glued to the end of the aluminum tubing to act as the
measurementsurface.Basedonacalibrationwithhydrostatic
pressure, this sensor showed good linearity but was readily
affected by temperature changes. Therefore, the air and water
temperatures were monitored during the tests and compared
before and after each experiment to conﬁrm that no signiﬁ-
cant difference arose. The measurement section was located
at the side wall, 1m from the end of the channel. Measure-
ments were taken at a height of 0m (i.e. at the bed surface).
To avoid the direct collision of sediment particles, the
measurement surface was covered with a vinyl mesh with
a 0.9mm pitch. To release the internal gas pressure relative
to atmospheric before and after each experiment to initialize
the measurements, a small valve was inserted between the
measurement surface and the pressure gauge.
The sensor was calibrated for hydrostatic pressure by stor-
ing clear water temporarily at the measuring section, as
shown in Fig. 3. The stored water was drained gradually from
the measured section, and the time series of sensor signal and
water depth obtained from the ultrasonic sensor were com-
pared and calibrated. This calibration was conducted before
and after each experiment. Experimental data were analyzed
only when the calibrations before and after an experiment
showed good agreement (Fig. 4a). When the calibration re-
sults did not correspond (Fig. 4b) or the sensor output did not
show sufﬁcient linearity (Fig. 4c), the data were eliminated.
Since a slight difference in the measurement positions be-
tween the ultrasonic sensor and measurement surface of in-
terstitial water pressure caused disagreement in the starting
point of the values, zero-shift calibration was also conducted
in each experiment. This calibration used the data from the
ﬁnal section of the laboratory debris ﬂow (Fig. 3), where the
ﬂow consisted only of water, since the sediment in the upper
part of the channel had eroded totally.
The measurement surface was replaced after several ex-
periments due to its fragility. Ultimately, less than half of all
data were suitable for analysis.
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Fig. 2 Measurement system. Although several 
measurement surfaces are shown in the figure, 
only the measurement surface at the bed height 
was used.
Fig. 2. Measurement system. Although several measurement surfaces are shown in the ﬁgure, only the measurement surface at the bed height
was used.
Fig. 3 Operation throughout an experiment.
Fig. 3. Operation throughout an experiment.
Fig. 4 Examples of (a) successful sensor 
calibration, and calibration failures due to (b) a 
difference in the pre- and post-experiment 
offset and (c) a sensitivity gap (non-linearity) 
during the calibration.
Fig. 4. Examples of (a) successful sensor calibration, and calibra-
tion failures due to (b) a difference in the pre- and post-experiment
offset and (c) a sensitivity gap (non-linearity) during the calibration.
4 Results and discussion
4.1 Interstitial water pressure of laboratory debris
ﬂows
Figure 5 shows a time series of the ﬂow depth and basal inter-
stitial water pressure of the debris ﬂow. The interstitial water
pressure is expressed as a water depth (mm). Both the ﬂow
depth and interstitial water pressure ﬂuctuated, but the debris
ﬂow exhibited an overall trend: the front part was followed
by a section at steady state, and the ﬁnal section showed
a gradual reduction in the ﬂow depth and interstitial water
pressure. The steady-state section could be subdivided into
two: the debris-ﬂow part and the water-ﬂow part where the
ﬂow depth decreased because of the decreased sediment vol-
ume. As shown in Fig. 5, the ﬂuctuation of interstitial water
pressure corresponded closely with that of the ﬂow depth,
Fig. 5 Time series of flow depth and interstitial
water pressure for a particle diameter of 1.3 mm, 
channel slope of 13 degree, and water supply of 2 
L/s. The front, steady-state (debris flow and water 
flow parts), final, and sampling sections are 
shown.
Front 
section
Steady-state section
Final section
Sampling 
section
Water flow Debris flow
5 10 15 20 25
Fig. 5. Time series of ﬂow depth and interstitial water pressure for a
particle diameter of 1.3mm, channel slope of 13◦, and water supply
of 2ls−1.
demonstrating an accurate sensor response, even at a high
temporal resolution. The value of interstitial water pressure
was in close agreement with the ﬂow depth, indicating that
the interstitial water pressure roughly equaled the hydrostatic
pressure in this experimental case. Debris-ﬂow samples were
obtained during the debris-ﬂow part in the steady-state sec-
tion, as shown in Fig. 5.
Figure 6 shows the relationship between the mean ﬂow
depth and interstitial water pressure of the debris ﬂows dur-
ing the sampling period (Fig. 5) for all experiments. The line
for hydrostatic pressure on which the interstitial water pres-
sure corresponds to the ﬂow depth is also shown. Despite us-
ing the same water supply, the ﬂow depth (and interstitial wa-
ter pressure concomitantly) differed with the sediment parti-
cle size as the ﬂow resistance of the debris ﬂow changed with
theparticlesize,aspredictedbytheconstitutiveequationsfor
boulder debris ﬂows (Takahashi, 1977; Tsubaki et al., 1982;
Tubino and Lanzoni, 1993; Egashira et al., 1997). The results
indicated that the interstitial water pressure is nearly equal
to or slightly greater than the hydrostatic pressure. In experi-
mentswithparticlediametersof2.9mm,theinterstitialwater
pressure was apparently higher than the hydrostatic pressure.
Although the standard deviation hit the 1 : 1 line, the mean
values were considered to be reliable. The wide range of the
standard deviation of interstitial water pressure was induced
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Fig. 6 Relationship between flow depth and 
interstitial water pressure. Mean values and 
standard deviations are shown. The solid line 
indicates the hydrostatic pressure.
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Fig. 6. Relationship between ﬂow depth and interstitial water pres-
sure. Mean values and standard deviations are shown. The solid line
indicates the hydrostatic pressure.
mainly by the ﬂuctuating ﬂow depth. This was shown by the
fact that the horizontal standard deviation and the intersti-
tial water pressure gauge showed a good response to the ﬂow
depth with high temporal resolution (Fig. 5).
Table 2 summarizes the experimental results of the inter-
stitial water pressure measurement over a series of runs. The
Froude number, Bagnold number, and grain Reynolds num-
ber are also shown as reference indices.
4.2 Comparison of the measured and theoretical
interstitial water pressures
First, the laminar motion of the sediment particles in the
laboratory debris ﬂows was evaluated using a high-speed
video camera to conﬁrm the assumption of the constitutive
equations that express the theoretical excess interstitial water
pressure as a Reynolds stress in the interstitial water of the
particles. Although the velocity proﬁle for a boulder debris
ﬂow is often given as the typical velocity proﬁle for a dila-
tant ﬂuid (Takahashi, 1977) that can be written using Um as
expressed in Eq. (7), the velocity proﬁles of the debris ﬂows
in the experiments appeared almost linear for the grain iner-
tia regime (Fig. 7), like those of Tubino and Lanzoni (1993)
and Armanini et al. (2005).
u =
5
3
Um

1−

1−
z
h
3/2
(7)
Differentiating Eq. (7) and substituting into Eq. (5) yields
the theoretical interstitial water pressure, as Hotta (2011)
showed. However, in this study, a linear velocity proﬁle
was adopted based on the experimental results (Fig. 7), and
∂u/∂z in Eq. (5) was set to
Fig. 7 Velocity profiles for experiments with 
channel slopes of (a) 13 degree and (b) 17
degree, with 2.9-mm sediment and a 2 L/s 
water supply.
Fig. 7. Velocity proﬁles for experiments with channel slopes of
(a) 13◦ and (b) 17◦, with 2.9-mm sediment and a 2ls−1 water sup-
ply.
Fig. 8 Relationship between the measured and 
calculated values of the excess interstitial water 
pressure over hydrostatic pressure. The dotted 
line indicates the agreement between 
theoretical and experimental values.
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Fig. 8. Relationship between the measured and calculated values of
the excess interstitial water pressure over hydrostatic pressure. The
dotted line indicates the agreement between theoretical and experi-
mental values.
∂u
∂z
=
2Um
h
(8)
The theoretical value of pf (excess hydrostatic pressure)
can be derived by substituting Eq. (8) and the experimental
data into Eq. (5). A uniform sediment concentration was also
assumed. Consequently, a uniform pf proﬁle can be obtained
from Eq. (5), which differs from the theoretical pf distribu-
tions derived by Hotta and Ohta (2000) and Hotta (2011).
The theoretical and experimental values of pf are com-
pared in Fig. 8. The values were correlated: the theoretical
pf increased with the experimental pf. However, the calcu-
lated values were larger than the measured values, diverging
from the one-to-one line on which the theoretical and exper-
imental values are identical (Fig. 8).
One possible cause of this disagreement is an overestima-
tion of the theoretical pf. When calculating the theoretical
pf, we used the experimental sediment ﬂux concentration as
c in Eq. (5). However, the sediment ﬂux concentration dif-
fers from the volumetric sediment concentration c when the
proﬁle of c is not uniform. In an open channel, Egashira et
al. (1997) pointed out that the sediment ﬂux concentration
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Table 2. Summary of interstitial water pressure measurement results.
Run Channel slope d Q c Um h pf Froude Bagnold Grain Reynolds
No. (degree) (mm) (cm3 s−1) (cms−1) (mm) (mm) number number number
1 13 1.3 1437.4 0.20 102.7 14.0 13.3 2.8 1078 295
2 13 1.3 2394.0 0.14 142.5 16.8 17.1 3.5 1071 311
3 13 1.3 3556.4 0.11 170.2 20.9 21.1 3.8 935 341
4 13 2.2 1322.7 0.16 92.5 14.3 15.3 2.5 2335 489
5 13 2.2 2491.7 0.14 140.0 17.8 17.6 3.3 2720 542
6 13 2.2 3247.0 0.12 153.9 21.1 22.1 3.4 2399 582
7 15 2.2 2964.8 0.23 142.8 20.8 20.7 3.2 2979 662
8 13 2.9 2840.3 0.17 134.8 20.7 22.3 3.0 4431 782
9 17 2.9 3358.3 0.24 161.8 18.8 22.2 3.8 7075 891
10 17 2.9 4425.0 0.23 209.5 21.1 22.4 4.6 7866 936
11 15 2.9 3222.7 0.27 151.4 21.3 22.5 3.3 3427 906
falls below the volumetric sediment concentration as the sed-
iment concentration decreases from the bed to the surface.
From Eq. (5), pf decreases with increasing c, inferring that
the difference between the measured ﬂux sediment concen-
tration and the actual volumetric sediment concentration in-
duces the overestimation of pf. Although the sediment con-
centration proﬁle of the debris ﬂow on a rigid bed should be
more moderate than that on an erodible bed (e.g. such as that
examined by Egashira et al., 1997), the overestimation could
be signiﬁcant near the bed layer due to the sediment concen-
tration proﬁle.
Above all, the most important result in this study is the
correlation between the theoretical and experimental pf. As
Fig. 8 shows, a higher pf was measured and calculated in
cases with larger sediment particles. Larger sediment parti-
cles indicate a greater mixing length from Eq. (3). This im-
plies that the pf of boulder debris ﬂows increases due to the
Reynolds stress with increasing mixing length in the inter-
stitial water, where the strong shear of sediment particles
induces turbulence. As shown in this study, the excess in-
terstitial water pressure in boulder debris ﬂow is quite low,
especially when the interstitial ﬂuid can be regarded as pure
water. Although this kind of in situ debris ﬂows can only be
observed visually, measuring the interstitial water pressure
under the minimum condition is important. The interstitial
water pressure in debris ﬂows with that condition will be the
subject of future studies to examine, for example, the effect
of increasing the ﬁne sediment concentration and modifying
the phase transition from laminar to turbulent debris ﬂow,
since the interstitial water pressure should increase and play
a key role in these ﬂows, as observed in the ﬁeld.
5 Conclusions
This study developed an experimental system employing a
differential gas pressure gauge to measure the basal intersti-
tial water pressure in shallow laboratory debris ﬂows in an
open channel. The linearity and response of the manufac-
tured sensor were validated. Although the interstitial water
pressure was quite low, an increase from the hydrostatic pres-
sure was detected with increasing sediment particle size. The
measured excess interstitial water pressure corresponded to
the theoretical excess interstitial water pressure, which was
thought to be induced as a Reynolds stress in the interstitial
water of boulder debris ﬂows in which interstitial water is
sheared strongly by the sediment particles, resulting in tur-
bulent conditions.
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